The ZKT gene from Arabidopsis encodes a polypeptide of 335 amino acid residues, with a calculated molecular mass of 37.4 kDa. ZKT is a member of a novel protein family present in the plant kingdom, which contains a PDZ, a K-box, and a TPR motif. A BLAST search indicated that the ZKT gene is a single gene in Arabidopsis and that ZKT homologs are present in soybean and rice but not in animals. The level of ZKT mRNA decreased after wounding. Antisera from rabbit immunized with recommbinant ZKT protein recognized a protein of 37 kDa in Arabidopsis. Western analysis with anti-ZKT antibody indicated that the level of ZKT protein does not change after wounding. The ZKT protein has consensus sequence motifs for phosphorylation. Immunoprecipitation with anti-ZKT antibody and western analysis with anti-phosphoamino acid antibody indicated that the ZKT protein is phosophorylated at the threonine and serine residues after wounding. These results suggest that the ZKT protein may act as a molecular adaptor regulated by phosphorylation in wound responses.
A major challenge in research on signal transduction is to determine how the initial activation of receptors by extracellular stimuli triggers multiple downstream signaling cascades, which ultimately elicit diverse cellular responses. Recent studies have revealed that members of the scaffolding adaptor proteins play a crucial role in transmitting key signals, which control cell growth, differentiation, and function, from multiple receptors. [1] [2] [3] The adaptor proteins share a series of conserved domains involved in protein-protein and protein-lipid interactions and interact with a wide range of receptors and signaling proteins. These proteins are specialized protein-binding partners that serve to link signaling proteins to each other, which leads to propagation of a given cellular signal. Since such signaling cascades ultimately control various biological responses, the cell must have developed sophisticated mechanisms for regulation of the cascades. One means of regulation is through post-translational modifications of adaptor proteins, which regulate their ability to forge proteinprotein interactions. The most important modifications are phosphorylation and dephosphorylation. The adaptor proteins possess multiple threonine, serine, and tyrosine residues, which undergo phosphorylation upon stimulation of several surface receptors. These properties permit them to take part in many protein-protein interactions as adaptors, which form multimolecular signaling complexes and coordinate the activity of their components. 4) PDZ domains (also called Discs-large homologous regions [DHR] or GLGF) are conserved structural elements of 80 to 100 amino acid residues that were originally identified in the post-synaptic density protein PSD-95, the Drosophila tumor suppressor discs-large DlgA, and the tight-junction protein ZO-1.
5) The PDZ domain occurs in singles, or more frequently, in multiple tandemly repeated copies in large and diverse sets of proteins in all eukaryotes including plants, and plays a role in scaffolding supramolecular complexes. [5] [6] [7] Many PDZ domains usually bind the C-terminal parts of polypeptides, though binding to internal (non-C-terminal) parts of polypeptides and even to lipids has been demonstrated. Heterodimerization through PDZ-PDZ domain interactions adds to the domain's versatility, and PDZ domain-mediated interactions can be modulated dynamically through target phosphorylation. 1, 3, 5) The K-box region is commonly found in a form associated with SRF-(serum response factor) type transcription factors. The K-box is a possible coiled-coil structure and plays a role in multimer formation. 8) The tetratrico peptide repeat (TPR) is a degenerate 34-amino acid repeated motif that is widespread among all organisms.
9) The processes involving TPR proteins include cell-cycle control, transcription repression, stress response, protein kinase inhibition, mitochondrial and peroxisomal protein transport, and neurogenesis. TPR repeats mediate protein-protein interactions and y To whom correspondence should be addressed. Tel: +81-776-61-6000; Fax: +81-776-61-6015; E-mail: ishikawa@fpu.ac.jp Abbreviations: PDZ domain, a common domain among PSD-95, DlgA, and ZO-1 proteins; TPR, tetratrico peptide repeat; ZKT, a protein containing PDZ, K-box, and TPR motifs the assembly of multiprotein complexes.
In this paper, we describe the isolation of ZKT (for the protein containing a PDZ domain, a K-box region, and a TPR region) from Arabidopsis and its expression pattern in response to wounding. We also show the phosphorylation status of the ZKT protein after wounding.
Materials and Methods
Plant materials. Arabidopsis thaliana (ecotype Columbia: Col-0) was used for all experiments. Plants were grown on MS medium or soil at 22 C under shortday conditions (9-h light/15-h dark) and on long-day conditions (16-h light/8-h dark).
cDNA isolation. ZKT genomic sequences (At1g55480), which were amplified with PCR (primer-1, gctggtctctcggctctgg; primer-2, ggaacctgaaccagttcccgt), were used as hybridization probes to screen an Arabidopsis CD4-7 complementary DNA library, and one full-length cDNA was recovered.
Wound treatment. Leaves were cut into strips (0.25 mm) with razor and allowed to stand in sterile distilled water. Then the strips were frozen in liquid nitrogen to stop cellular reactions.
RNA extraction and Northern analysis. Total RNA was prepared from leaves using the Concert Plant RNA Reagent according to the manufacturer's instructions (Invitrogen, Tokyo). The RNA concentration was determined spectrophotometrically. Equal amounts of total RNA (20 mg) were loaded on a denaturing 1.2% (w/v) agarose gel containing 6% formaldehyde, fractionated by electrophoresis, and transferred to Zeta-probe GT membrane (Nihon Bio-Rad, Tokyo). Equal loading of RNA was verified by staining with ethidium bromide and comparing the amounts of ribosomal RNAs in each sample before transfer to the membrane. The blots were hybridized to a 32 P-labeled fragment of the coding region of the ZKT cDNA.
Expression of the ZKT gene in Escherichia coli and antibody production. For expression of His 6 -tagged, full-length ZKT in E. coli, the coding sequence of ZKT was cloned in pQE vector according to the manufacturer's instructions (QIAexpressionist, Qiagen, Tokyo). To generate ZKT-specific antibodies, recombinant Histagged ZKT polypeptides were expressed and purified to homogeneity by Ni 2þ affinity chromatography according to the manufacturer's instructions (QIAexpressionist). Polyclonal antisera raised in rabbits against purified polypeptides were generated by Hokkaido System Science.
Preparation of protein extracts. For the preparation of cell extracts for western analysis, the strips were homogenized with extraction buffer that contained 50 mM Tris-HCl (pH 6.8), 2% SDS, 10% (vol/vol) glycerol, and 5% (vol/vol) 2-mercaptoethanol. The homogenates were centrifuged at 15;000 Â g for 20 min at 4 C, and the supernatants were recovered. Protein was quantitated by the Bradford method with bovine serum albumin as the standard. To obtain extracts that contained native proteins, the strips were homogenized with extraction buffer that contained 50 mM Hepes-KOH, pH 7.6, 5 mM EGTA, 10 mM Na 3 VO 4 , 10 mM NaF, 20 mM -glycerophosphate, protease inhibitor cocktail from Roche, and 1 mM DTT. The homogenates were centrifuged at 15;000 Â g for 20 min at 4 C and the supernatants were recovered.
Western analysis. For western analysis, a crude extract of the strips was fractionated by SDS-PAGE, and then proteins were transferred to a ployvinylidine difluoride membrane (Immobilon-P, Nippon Millipore, Tokyo) by a semidry electroblotting method with TransBlot SD (Nihon Bio-Rad, Tokyo). The blot was blocked for 30 min in TBS buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.5% Tween 20) that contained 5% non-fat dry milk at room temperature, and then it was incubated with anti-ZKT antibody or anti-phosphothreonine, phosophoserine, phosphotyrosine antibody (Sigma-Aldrich Japan, Tokyo) plus 1% BSA at 30 C for 30 min. After three washes with the TBS buffer, the blot was incubated with alkaline phosphatase-conjugated second antibody in TBS buffer. The antibody-antigen complexes were visualized with a chemiluminescence detection system (Tropix, MA). Each blot was exposed to X-ray film (Fuji, Tokyo).
Immunoprecipitation (IP) of ZKT. For immunoprecipitation, NaCl (150 mM) and 1% (v/v) TritonX-100 were added to the extracts that contained native proteins. After the addition of beads of protein A-Sepharose CL-4B (Amersham, Tokyo), the mixture was shaken at 4 C for 1 h. After centrifugation, ten microliters of anti-ZKT antibody were added to the supernatant, and the mixture was incubated at 4 C for 1 h. Then the beads of protein A-Sepharose CL-4B were added to the mixture and shaken at 4 C for 1 h. The Sepharose beads were collected by centrifugation and washed three times with the homogenization buffer supplemented with 150 mM NaCl and 1% (v/v) TritonX-100. Proteins were eluted from the Sepharose beads with a dissociation buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% [vol/vol] glycerol, and 5% [vol/vol] 2-mercaptoethanol).
Results and Discussion
Emerging evidence in eukaryotic systems suggests that many proteins involved in diverse cellular processes are made up of protein domains that are well defined in both sequence and structure. 1, 3, 10) The completion of the genome sequence of the model plant Arabidopsis has allowed identification in silico of many proteins in-volved in processes such as signal transduction. Function prediction by amino acid sequence analysis or homology search has become a common starting point of experimental design of plant research in the postgenome era. Recently, several programs have been released that are designed to identify conserved sequence segments associated with a particular function. 10) Studies based on these programs suggest that many proteins in various organisms contain at least one such unit or domain. At least half of all the predicted genes in Arabidopsis contain one or more domains. 10) In most eukaryotes, many proteins involved in processes such as signaling, gene regulation, and vesicle trafficking are modular or multidomain in nature. In the case of signal transduction, modular proteins provide coordination through protein-protein interactions. Thus, many modular proteins play the role of scaffolding in various signal-transduction pathways. 1, 3, 10) Well-documented protein-binding signaling domains such as the PDZ domain are present in several proteins of Arabidopsis. 7, 10) We found some proteins containing the PDZ domain in Arabidopsis with InterPro (http:// www/ebi.ac.jk/interpro), but characterization of the genes has not yet been conducted. We found that At1g55480 is predicted to contain a PDZ and a TPR motif. We were interested in its unique structure, and we tried to isolate At1g55480 from Arabidopsis and to explore its expression pattern in response to wounding.
Isolation of a cDNA clone encoding a ZKT A cDNA library (CD4-7) obtained from ABRC was screened with a probe produced by PCR (see ''Materials and Methods''), and one full-length clone was recovered. At1g55480 consisted of 7 exons and was predicted to encode a 335-amino acid protein (Fig. 1A) . When the predicted amino acid sequence of At1g55480 was used as a query sequence in a NCBI Conserved Domain Search (http://www.ncbi.nlm.nih.gov/Structure/cdd/ wrpsb.cgi), two other domains were identified within the predicted protein. They are serine-rich and K-box regions. This indicates that At1g55480 encodes a member of a novel protein family present in the plant kingdom, which contains a ser-rich, a PDZ, a K-box, and a TPR motif. A BLAST search and genomic Southern analysis indicated that the At1g55480 gene is a single gene in Arabidopsis (data not shown). We designated the At1g55480 gene ZKT (for the protein containing a PDZ domain, a K-box region, and a TPR region). The ZKT gene encodes a protein of 37.4 kDa. The aminoterminal end of the predicted protein contains a ser-rich region followed by a PDZ domain, a K-box region, and a TPR region (Fig. 1, 2) . 86 to E 168 of the ZKT were aligned with the two known PDZ domains (PSD95, GenBank Accession no. AF156495, and PTP, GenBank Accession no. D83966) having the highest homology to the sequence of the ZKT. (C) The K-box regions of the ZKT (I 143 to E 223 ) were aligned with two other K-box regions (GLO, GenBank Accession no. Q03378, and AGL15, GenBank Accession no. Q39295) having the highest homology to the sequence of the ZKT. (D) The TPR regions of the ZKT (R 217 to R 290 ) were aligned with two other TPR regions (TPR, GenBank Accession no. NZ AAAN02000058, and SMAP-1, GenBank Accession no. AB014729) having the highest homology to the sequence of the ZKT. ClustalW (http://www.ddbj.nig.ac.jp/) was used to align sequences. Residues identical to a generated consensus are shaded in black, and those that are similar to the consensus are shaded in gray using BOXSHADE (http://www.ch.embnet.org/software/BOX form.html). The location of amino acid sequences from each of the proteins used for the alignments is shown.
Many proteins contain compositionally biased sequence regions also called low-complexity regions. Typically, such regions are highly enriched in one or a few species of amino acid residues. The amino-terminal end of the predicted protein contained a ser-rich region (Fig. 1A) . The ser-rich region was followed by a 83-residue segment (Y 86 to E 168 ), representing a PDZ domain. High homology was found with the PDZ domains of Homo sapiens post-synaptic density 95 (PSD95: GenBank Accession no. AF156495) 11) and Mus musculus protein tyrosine phosphatase (PTP: GenBank Accession no. D83966, Fig. 1B) .
12) The PDZ domain is followed by a K-box domain (I 143 to E 223 ). This domain shows high homology with the K-box domains of Antirrhinum majus floral homeotic protein GLOBOSA (GLO: GenBank Accession no. Q03378) 13) and Brassica napus Agamous-like MADS box protein (AGL15: GenBank Accession no. Q39295, Fig. 1C ).
14) The fourth structural feature, the TPR region (R 217 to R 290 ), partially overlaps the K-box region. This region shows high homology with the TPR regions of Magnetoccoccus sp. MC-1 TPR repeat protein (TPR: GenBank Accession no. NZ AAAN02000058) and Homo sapiens smooth muscle associated protein-1 (SMAP-1: GenBank Accession no. AB014729, Fig. 1D ).
ZKT homologs in plants
When the amino acid sequence of ZKT (GenBank Accession no. AB190499) was used as a query sequence in a BLASTP search, putative proteins of Glycine max (GenBank Accession no. AF349572) and Oryza sativa (GenBank Accession no. AP005840) were detected. These proteins are composed of 359 and 335 amino acid residues respectively. ZKT and these two proteins show high identity throughout the sequence (60% and 65% respectively). The sequence alignment of these three proteins is shown in Fig. 2 . The amino acid sequences of the PDZ domain, K-box region, and TPR region are very highly conserved. In contrast to these domains, the Nterminal regions of these proteins show weak homology. ZKT and its homologs are of special interest due to the joint presence of the PDZ domain, K-box region, and TPR region. This structure is unique, and not found in animal proteins. Although the molecular functions of Full-length amino acid sequence of ZKT (GenBank Accession no. AB190499) in Arabidopsis was aligned with ZKT homologs in Glycine max (GenBank Accession no. AF349572) and Oryza sativa (GenBank Accession no. AP005840). The predicted amino acid sequences of the Ser-rich region (dotted superscript line), PDZ domain (single superscript line), K-box region (dashed superscript line), and TPR region (double superscript line) of all three proteins were aligned using ClustalW and Boxshade, as described in the legend to Fig. 1. these domains are not yet fully understood, experimental evidence indicates that they are involved in proteinprotein interaction. 5, 8, 9) In addition, ZKT is perhaps localized in chloroplasts through prediction with TargetP program (data not shown). 15) So the ZKT protein might act as a molecular adaptor in chloroplasts, promoting and relaying information in signal transduction pathways.
Differential expression of the ZKT gene in response to wounding
In plants, many factors involved in signal transduction pathways are regulated at the transcription level. 16, 17) Since we are interested in the responses of Arabidopsis to wounding, we investigated the effect of wounding on ZKT expression. We found through analysis with AtExpress (http://www.weigelworld.org/resources/ microarray/AtGenExpress/) that the ZKT gene was expressed in several organs, including the roots, leaves, stems, and flowers of Arabidopsis. We also observed that the ZKT gene was expressed in the leaves of Arabidopsis (Fig. 3) . The expression level of the ZKT gene decreased in response to wounding after 1.5 h (Fig. 3) . The reduced level of ZKT transcript did not change until 6 h after wounding.
Response of the ZKT protein to wounding
To determine whether ZKT protein levels change during wound treatment, we determined the protein level after wounding. Western blot analysis showed no significant differences in ZKT protein levels after wounding (Fig 4, t ¼ 0 to 6 h) , although we cannot rule out the possibility that ZKT protein levels decrease after 6 h.
Phosphorylation status of ZKT in response to wounding
Biochemically, phosphorylation is the most abundant covalent modification of proteins and it is the best understood process involved in the regulation of plant cells.
18) The phosphorylation of a protein can alter its intrinsic biological activity, subcellular location, and half-life. Docking with other proteins can also be altered by phosphorylation. Consequently, phosphorylation is a crucial factor in the integration of signals within the cell. Furthermore, it can be important to the extent and duration of a response. Many protein kinases and phosphatases have been found to participate in signal perception in plant stress responses. Recent studies indicate that many kinases, including mitogen-activated protein kinase (MAPK), calcium-dependent protein kinases (CDPK), and some phosphatases, are involved in the responses. 18) Adaptor proteins share a series of conserved domains involved in protein-protein and protein-lipid interactions and interact with a wide range of receptor and signaling proteins. These proteins are specialized protein-binding partners that serve to link signaling proteins to each other. This appears to be a mechanism to propagate a given cellular signal. Such signaling appears to be required for various biological responses, and hence the cell must have developed mechanisms to regulate these signaling cascades. One means of regulation would control post-translational modifications of adaptor proteins, which might regulate their ability to forge protein-protein interactions. Phosphorylation would play a major role in the modification, because the adaptor proteins possess multiple threonine, serine, and tyrosine residues, which can be phosphorylated upon stimulation of several surface receptors. This would permit the adaptor proteins to take part in many protein-protein interactions as an adaptor, which forms multimolecular signaling complexes and coordinates the activity of its components. 4) Expression of the ZKT gene was reduced by wounding (Fig. 3) , but protein levels were not (Fig. 4) . A motif Scan search (http://hits.isb-sib.ch/cgi-bin/PFSCAN) revealed that ZKT contains a number of putative serine and threonine phosphorylation sites for protein kinase C and casein kinase II, and one tyrosine phosphorylation site for tyrosine kinase (data not shown). Hence, we examined the phosphorylation status of ZKT after wounding. It has been shown that wounding induces rapid and transient activation of Arabidopsis MAPK4 and MAPK6. 19) Then we studied the phosphorylation status of ZKT in response to wounding early in the course of wounding. We prepared leaf strips from leaves of wildtype plants and placed them in sterile distilled water. Wound Treatment. RNA was extracted from strips of leaves at 0, 1.5, 3, and 6 h after wounding. Equal aliquots (20 mg) of total RNA were electorphoresed in each lane, transferred onto a Zeta-probe GT membrane, and hybridized with 32 P-labeled cDNA fragments. Protein samples (20 mg) were prepared from strips of leaves at 0, 3, and 6 h after wounding. Protein samples were resolved by SDS-PAGE and electroblotted onto membrane. The blot was hybridized with antibody against ZKT protein.
After various periods (t ¼ 0 to 10 min), a protein extract was prepared. Soluble proteins were extracted from wound treated leaf strips. Then the ZKT protein was immunoprecipitated with anti-ZKT antibody. The immunoprecipitated fraction was resolved by SDS-PAGE and transferred to membranes. These membranes were immunoblotted with anti-P-Thr, anti-P-Ser, or anti-P-Tyr aintibody. Before wounding, we detected weak bands with each antibody. Increased threonine-phosphorylation was detected at 5 min after wounding (Fig. 5) . The level of phosphorylation decreased slightly by 10 min after wounding. The level of serine-phosphorylation also slightly increased at 5 min after wounding (Fig. 5) . In contrast to this result, tyrosine phosophorylation did not change after wounding (Fig. 5) . This result suggests that ZKT protein is phosphorylated at the threonine and serine residues after wounding. In fact, ZKT protein contains several putative phosphorylation sites, including threonine and serine residues (data not shown). From this result, although we could not rule out the possibility that there is another phosphoprotein that both comigrates and copurifies with ZKT in this preparation, ZKT protein is a molecular adaptor involved in the biochemical response to wounding through phosphorylation. Expression of the ZKT gene was reduced by wounding (Fig. 3) , but protein levels were not (Fig. 4) . Hence, the ZKT protein level is regulated post-transcriptionaly, and the phosphorylation of ZKT might affect stabilization after wounding.
In this study, we examined the phosphorylation status of ZKT only in response to wounding. Since many protein kinases and phosphatases have been found to participate in signal perception in plant stress responses, we plan to study phosphorylation status under various stresses in the future. Also, since an understanding of protein-protein interactions might be crucial to an understanding of the function of modular proteins, the identification of proteins interacting with ZKT is required to elucidate the biological role of this protein in the future.
